IntroDuctIon
In this article, we describe a detailed protocol to record light response from GFP-expressing retinal neurons using two-photon targeted electrophysiological recordings and reconstruction of fluorescently labeled cells in live tissue. First, acute, light-sensitive retina samples are prepared under dim red and infrared light illumination. Thereafter, the retina samples are transferred to a modified Olympus two-photon microscope (custom-modified FluoView 300) with electrophysiology and light-stimulation capabilities. GFP-expressing neurons are first detected by two-photon imaging at 920 nm, and then located under infrared optics for targeted electrophysiological recording. Next, visual stimuli are presented to the retina through the objective lens and synchronized with recording. If the recording solution in the electrode contains a red dye, the morphology of the GFP-expressing cell can be obtained after its light response is recorded. Finally, a thorough analysis is performed on the GFP-expressing cell on the basis of its light-response pattern, morphology and genetic labeling. This method has been used recently to characterize the light response from populations of retinal neurons that express fluorescent proteins in a unique population of cells [1] [2] [3] . Traditionally, study of a particular retinal neuron type initially involves targeting the cell type of interest on the basis of the shape, size and location of the cell body using infrared optics and a chargecoupled device (CCD) camera, followed by the presentation of light stimuli to the target cell during electrophysiological recording. The primary limitation of this approach is often the initial targeting process. Although a few cell types in mice have distinguishable cell bodies under infrared optics 4, 5 , most other types are difficult to target with a high success rate.
Recent advances in genetically engineered mice offer unprecedented opportunities for studying retinal circuits by selectively labeling specific neuron types [1] [2] [3] [6] [7] [8] [9] [10] [11] . Specificity is achieved by expression of fluorescent proteins such as GFP under the influence of cellspecific promoters, and the labeled neurons are readily identified with a fluorescence microscope for subsequent morphological and electrophysiological studies. However, the ability to measure light responses in GFP-labeled cells is limited, as the epifluorescence lamp rapidly bleaches the photoreceptors, causing the loss of robust light responses after GFP excitation. To avoid this problem, a blue light-emitting diode (LED) at a very dim excitation intensity and long exposure has been used to obtain fluorescent images for GFPpositive neurons in several transgenic mouse lines [6] [7] [8] . However, this approach could be problematic for transgenic lines with very low GFP expression, in which case even the highest amount of excitation without bleaching is insufficient for GFP detection.
Targeting GFP-expressing neurons using two-photon confocal microscopy uses titanium (Ti)-sapphire-based femtosecond lasers with broad tuning spectra (including infrared wavelengths). The two-photon cross-section for GFP is large at 920-930 nm (ref. 12), a wavelength range that causes weaker absorption by mouse photoreceptors than is seen in single-photon excitation at around 488 nm (refs. 2,9,13). Two-photon imaging using this wavelength has previously been used to excite other fluorophores (such as the red fluorescent dye sulforhodamine 101 and the calcium indicator Oregon Green 488 BAPTA-1) for recording calcium transients during light stimulation in starburst amacrine cells from rabbit retinas 13, 14 . A second advantage of two-photon targeted recording is that it leads to high-quality images of live cell morphology that can be obtained immediately after the recording. Traditionally, recorded cells are filled with biochemical tracers and then fixed and immunostained, and their morphology is subsequently analyzed by fluorescent microscopy. Although this is an extremely useful approach, obtaining high-resolution images for each recorded cell allows the analysis of structure-function relationships on a cell-by-cell basis.
Two-photon targeted recordings have broad applicability for studies of all classes of retinal neurons, as the number of organisms, such as transgenic mice 
Experimental design
Conducting two-photon targeted patch recording requires an experimental configuration that combines two-photon confocal microscopy and electrophysiological recording 19 . This is challenging in that many electrophysiological recordings are based on a fixedstage format (in which the micromanipulator for whole-cell recording is mounted on the same surface as the preparation) to maximize stability. In this configuration, the microscope itself moves relative to the preparation. Although there are some custom-designed twophoton microscopes that allow translation of the scan-head and detection arm, it is simpler to design a translatable microscope stage that is large enough to accommodate the micromanipulators and the preparation. We used the latter approach. Therefore, the prerequisites of this protocol include an existing Olympus-based two-photon microscope (FluoView 300), amplifiers and dataacquisition boards for whole-cell recordings and micromanipulators that are mounted on a translatable microscope stage.
This protocol has been successful at targeting GFP for lightresponse measurements from transgenic mice expressing very low amounts of GFP. Such low GFP expression is barely detectable with standard CCD cameras and full illumination from xenon arc lamps. Therefore, we expect this protocol to suit the majority of transgenic GFP lines, including those derived from pigmented (for instance, C57/BL6) and albino (Swiss-Webster) strains. However, when the retinal orientation is important, such as in directionselective circuit studies or in transgenic lines with nonuniform GFP expression patterns across the retina 10 , we recommend using transgenic mice from a pigmented background strain such as C57/ BL6, because the landmarks in the choroid are less distinguishable in albino strains. We also recommend Ames' medium as the extracellular recording solution, as our retina preparations remained light sensitive for more than 8 h in oxygenated Ames' at room temperature (~25 °C). Finally, this protocol is most appropriate for light-stimulation experiments at mesopic and/or photopic light levels, because of possible bleaching of rod photoreceptors by the laser 13 . We recommend and describe imaging using light wavelengths of 920-930 nm, which is near the peak of the two-photon excitation spectrum of GFP. In theory, lower wavelengths could be used, but establishing a lower limit is difficult as it will vary according to the light response and the level of GFP expression of different cells.
MaterIals

REAGENTS
Transgenic mice expressing GFP in retinal neurons ! cautIon All experiments are to be performed in accordance with ethical and safety guidelines of the relevant institutions and authorities. . 1a ; Chroma Technology, cat. no. 695dcxxr) Dichroic with a 585-nm split (D2 in Fig. 1a ; Chroma Technology, cat. no. 585dcxr) Figure 1 .
Visual stimulation A white, monochromatic organic light-emitting display (OLED) is secured in a custom-made plastic holder that fits into a 30-mm cage mount 20 . An uncoated plano-convex lens is attached to an x-y translating mount. The OLED and the plano-convex lens are mounted to the side port of the Olympus FluoView two-photon microscope by four cage-assembly rods. Images in the OLED are focused by the plano-convex lens and projected to the retina through the objective. In our setup, using an Olympus ×60 water-immersion objective (LUMPlanFl/IR, NA = 0.9), the area of retina that receives light stimuli is 225 µm in diameter, with a gray screen stimulus intensity of approximately 1.2 × 10 13 514-nm-equivalent photons per second per cm 2 ; for an Olympus ×20 water-immersion objective, the area of light stimulation is 960 µm in diameter. For the ×60 objective, the 15-µm-diameter pixels of the OLED are optically reduced to 0.9-µm-diameter pixels on the retina. The OLED runs on an Intel core duo computer with a Windows XP operating system. Custom visual stimuli are generated using MATLAB and the Psychophysics Toolbox (http://psychtoolbox.org) 21, 22 . The OLED and a CRT display are connected to the PC by the dual-port video card and displayed in 'clone mode' (800 × 600 pixel resolution, refresh rate of 85 Hz) for optimal timing performance (see Psychophysics Toolbox website). The CRT monitor (as opposed to a liquid crystal display monitor) is required to obtain the appropriate refresh rate and resolution in clone mode.
Synchronized visual stimulation and electrophysiological recording
Transistor-transistor logic (TTL) pulses are generated by the visual stimulation computer at the onset of light stimulation, and sent through the parallel port and a breakout card to the analog-to-digital converter on the digitizer (through a modified BNC cable) to trigger electrophysiological recording. Details for generating TTL pulses can be found on the MATLAB Psychophysics Toolbox website (http://psychtoolbox.org/wikka.php?wakka=FaqTTLTrigger). Alignment of OLED to the image-forming center of the objective Place a small piece of thick 'test' paper into the water-filled recording chamber. First, focus the objective on the surface of the paper using transmitted light. Then, turn off the light, turn on the OLED and project a centered bright spot through the objective. Without moving the objective in the z axis, move the plano-convex lens and the OLED along the cage assembly rods until the bright spot appears focused through the eyepiece; this should correspond to the focal distance of the plano-convex lens. At this point, the light stimuli from the OLED should be focused in the same z position as the 'test paper' image (as well as retina samples). Finally, adjust the x-y translating mount of the plano-convex lens so that the center of the bright spot coincides with the cross-hair of the eyepiece. Alignment of the laser-scanned field of view with the objective-side CCD camera Fill a glass micropipette with Alexa Fluor 488, and position it in the water-filled recording chamber. Illuminate the micropipette with transmitted light. Focus the objective on the tip of the micropipette with the eyepiece. Move the micropipette in the x and y axes so that the tip coincides with the cross-hair of the eyepiece. Switch to the objective-side CCD camera and the video monitor. Mark the position of the pipette tip on the TV monitor with an erasable marker or removable tape, then turn off the transmitted light source. Acquire a fluorescent image of the micropipette tip with the infrared laser at 920 nm using the associated imaging computer and software (for example, FluoView). Mark the position of the tip on the imaging computer monitor. A reference point is now created in both the video monitor and the imaging monitor that represents the image-forming center of the objective.  crItIcal Precise alignment of the video and the imaging monitors at the reference point is required for accurate and fast targeting of GFP-expressing cells. Preparing patch electrodes from glass capillaries Borosilicate glass capillaries can be pulled by a single-stage glass microelectrode puller to produce patch electrodes for loose patch, whole-cell patch or cell-attached recordings. For loose patch recordings, the resistance of the electrode is 2-4 MΩ when filled with Ames' medium. For cell-attached or whole-cell patch recordings, the resistance of the electrode is 3-5 MΩ when filled with Ames' medium or intracellular recording solutions. More detailed discussion of producing patch pipettes can be found in reference 23. proceDure preparation of acute retina samples • tIMInG 15 min 1| Cut filter papers into appropriate-size pieces so that they fit into the recording chamber. Mark the filter paper with a sharp razor blade so that the dorsal-ventral and nasal-temporal orientations can be determined. Cut a hole of 1-1.5 mm 2 in the center of the filter paper.
2| Adapt mice to the dark for 1 h and then anesthetize with isoflurane. Decapitate mice and enucleate the eyes immediately under dim red light. Note the left and right eyes.  crItIcal step Mice must be handled and killed according to institutional and national regulations.  crItIcal step To preserve the light sensitivity and health of the retina, complete Steps 2-7 within 10 min and minimize light exposure throughout the dissection. We use infrared illumination on the dissecting microscope and dim red ambient room light provided by a red LED headlamp (625 nm, 1.28 × 10 11 photons per second per cm 2 ). If the procedure takes longer than 10 min, transfer the retinal tissue to a Petri dish with fresh oxygenated Ames' medium every 10 min.
3|
Under dim red illumination, place an eyeball on a piece of white Whatman filter paper and pierce through the cornea with the tip of a sharp razor blade.
4|
Transfer the eyeball to a glass Petri dish filled with oxygenated Ames' medium. Remove the cornea, the lens and the vitreous from the eye under a dissection microscope under infrared illumination.
5|
Mark the dorsal orientation of the eye cup by making a small cut at the peripheral retina with a razor blade according to the landmarks in the choroid (Fig. 2) .
6|
Isolate the retina carefully from the retinal pigment epithelium (RPE) by peeling away the RPE using forceps, and cut it into dorsal and ventral halves along the nasal-temporal axis.
7|
Mount the retina with the ganglion cell layer facing up onto the precut filter paper from Step 1, matching orientations with the hole in the center of the retina piece.
8|
Keep the mounted retina in the oxygenated incubation chamber with Ames' medium in darkness at room temperature until you are ready to proceed with recording.  pause poInt Retinas in this condition can remain healthy and light sensitive for at least 8 h.
two-photon targeted recording of GFp-expressing neurons • tIMInG 10 min 9| Place a mounted retina into the microscope chamber superfused with oxygenated Ames' medium heated to 32-35 °C.  crItIcal step Lower temperature may cause altered or reduced light responses.
10|
Focus on the ganglion cell layer within the filter-paper hole with infrared optics and a CCD camera.
11|
Use the two-photon microscope with the laser tuned to 920 nm to identify a GFP-positive cell. Adjust the x-y position of the retina so that the GFP-positive cell lies precisely at the reference point in the imaging monitor (see EQUIPMENT SETUP).  crItIcal step This step ensures accurate targeting and centered light stimulation of the GFP-expressing cell.
12| Switch back to infrared optics and the CCD camera to visualize the target cell body at the reference point in the TV screen. Use an empty patch electrode to dissect carefully the inner limiting membrane to expose the target cell.
13| Fill a new electrode with internal solution, and perform loose patch 24, 25 , cell-attached 25 or whole-cell recordings 24 
antIcIpateD results
We have used this protocol to obtain photopic light responses and dendritic morphologies of GFP-expressing retinal neurons in mice aged postnatal day 14 to adult (a successful and an unsuccessful example are shown in Fig. 3) . The acute retina preparation remains light responsive for at least 8 h in an oxygenated chamber with Ames' medium at room temperature. Multiple cells can be recorded from the imaged region without loss of light responses. Standard electrophysiological techniques such as loose patch, cell-attached and whole-cell recordings can be used in combination with pharmacology can be used to study a wide range of light-induced activities in target neurons. recording from a GFP-labeled cell from a Drd4-GFP mouse that was exposed to bright light from the halogen bulb through the condenser. The cell showed tonic firing, with no light-evoked responses to a 100-µm white spot centered on the soma, presumably because of photobleaching.
